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LASER-GUIDING OF RELATIVISTIC ELECTRON BEAMS
APPLICATIONS TO FLASH X-RADIOGRAPHY*

R. L. Carlson
Los Alamos National Laboratory
Los Alamos, New !fexico 87545

The technique of guiding a relativistic electron
beam by utilizing an ultraviolet-laser-ionized channel
in low-pressuro benzene has been demonstrated on an rf
linear accelerator. Detailed measurements of the tem-
poral behavior of the baam as it propagated a distance
of 13.5 m were made as a function of laser channel
parameters and accelerator conditions, Concepts and
applications of this laser-guiding technique are pre-
sented as thdy rOlatO to the possible improvement and
simplification of the generation, transport, and focus-
ing of relativistic ● lectron beams used to create
bremsstrahlung radiation for flash x-radiography.

Guiding of r01atiVi8tiC electron beams by laser-
ionized channels[l-3] and low-energy discharge chan-
nels[3,41 haS been demonstrated over a wide range of
currents, ●nergies, and distances. Experiments have
also demonstrated tho foasibiiity of bending and reoi-
rectlng ●loctmn beams with various combinations of
ma#nets and ionized-channels.[3,5] We rep+crted the
first use of an ultraviolet-laser-ionizod channel in
benzono to guide multiplo pulses from an rf accoler-
ator. [6] In particular, two S-ns, 750-A, 30-IW pulses
separated by 20 ns wore transported a maximum distance
of 13,5 im.

Relativistic ●iect:on beams are well suited for
flash x-radiography due to tho photon production via
bromsutrahlung being wJii controlled by the selection
of the ●lectron beam ●nergy, currm-it, Pulso length,
angular distribution, ●nd focused spot size, These
parameters ● re all interactive both from the standpoint
of the electron beam generator and the radio~raphic
requirements: hence, an oDtimizod tradeoff involving
exicting technologlos, costs, s!ie, and complexity must
be made. ThO ●lectron beam generators rang. from
relatively simple, hi8h-current pulsed diodos to tho
h.ghor ●nor~ but lowor current rf or Induction type
linear ●ccelerators, Tho succes? ●nd review of the
laser-gutding ●Yparim@nt9 performed at Los Alamos with
the Pulsed lfi~h-Znor~ ZAdiographie Xachino Cmittlng
X-rays (PtfEiiNEX) ●loctron-beam facllity[71 indicate
that tks guidin[ of ●toctror beams by ion channels may
havo ●n important ●pplbcatlon to futuro generation
radlo~raphic madhinos,
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ThiC paper conaidars electron beam Sourcoc pri-
marily u$od for flash x-radiography of mat9ria18 ●xplo-
slvcly drlvon or impacted by projoctikos. The Mam
onargy is selected for maxinum transmicoion through th
Obj@Ct to be radiographcd wtiilo m:nlmizinf the number
of resultant Scattered photans that desrada the con-
trast of tho detoct~d lmago. The Pulso Lon#th must b.
short ●nouth to “freeze” tho objeot mot!on co~anmurate
uith the deslrod positional rooolutlon. The detector
19 gonorally a muAelpLo film stack Whoso ●Xposuro is
controlled by tlm photon dooo. Bocauso tho dote 1s a
ilnoar function @f the beam chars. and 10 proportional
to the 2,0 power of the beam ener~, ● minimum currant
Is determined. To first ordor, tho SIZO of tho facuaod
●lectron beam at tho Convortor ●argst linoariy cletor-
minos tho gpatlal rosolutlon for a f i xeti radiotraphfc
magnification (tho ratio of the source-to-film-distance
ovor tho sourco-te-objoot distance), co111mator9 are
zenorally utod betwoon the convorter target and tho

‘Work performod under tho ●usplcss or tlw ‘J.!t.Depart-
ment of Enorsy by Los Alamod National Laboratory under
W-740S-CttO-16,

object to control
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the cone angle Of the photons as well
as to reduce possible scattered Photons coming from the
electron beam source. The desired small (-3- to 5-mm-
dlam) spot at the converter target must also be stable
to M fraction of this diameter to remain centered in
the collimator.

There are also operational and logistical consid-
erations for these specialized radiographic machines.
These machines must employ extensive shielding from the
blast, debris, etc.: they are essentially not moveable,
Pulsed dlodb machines can readily produce high doses
due to their characteristic high output currant, Un-
fortunately, high current (grOatOr than 25 kA) and low
energy (less than 8 nev~ ●lec:ron beams have large
angular electron distributions that reduce the uSOful
on-axis dose. Shielding of the unwanted radiation
becomes difficult because of possible degradation of
the direct-to-scattered signal of the film pack.
Pulsed diode machines inherently havo a low repetition
rate due to the loss of the anoda foil and post-shot
cleanup of the cathode but are simple and inexpensive
relative to linac-typo accelerator, Tho llnacs offer
increased beam ●nergy (a necessity for dense object
radiography), sr lller spot sizes with high on-axis
dose, and repetition races of several pulses per
minute.

Los AlaMOa ha$ proponed a now flash x-radio-
graphic facility consisting of two ●lectron beam
sourcos orlentod with respect to on. anothor at L35” to
provide two views with mintmal Oross-exposure of ●ach
film pack, The arransoment is shodn in Fiz. 1. The
final focusing qlemont, converter target, and associ-
ated collimators must be readily movable because varia-
ble magnification is an important requirement for one
machine, An intriguing dual banofit of laser-guiding
would be transport of the beam from the accelerator
sourco through a long (5-10 M) drift tuba as well as
highly ●ccurate final focus on tho target. Because
thero would be no magnetic ●lements 10 such ● scheme,
●lignment would b. simple ●nd ●Ssentlally lndependont
of the ●iectron beam Sourco. ffagnlflcation could be
●asily chansod by ●dding or ramoving motions of drift
tube. An ●ffork to damLd)StratO tho fOaSibilltY of this
●pproach ic bainz ●xperimentally invastigatsd using a
newly designed 5-lfeV, 10-kA, 45-na, pulsed, foilless-
diode machine.

A KrF laser operatlnt at 240 nm is directed into
and DurtiallY ionizos bonzano gas in the drift tube.
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rig! 1! SChcmatlc representation of two ●l*ctron beam

generators rtrran#od for dual-axis flaah
x-radiography.
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An electron beam entering this plasma channel ex~ls
tho plasma eiectrons, creating a positive path of ions
that the main body of the electron beam will electro-
statically track. Benzene gas pressure must be 5uffi-
clentlY low that it will neither inhibit the expulsion
of plasma elections nor allow self-ionization by the
eleccron beam. Conversely, the gas pressure must be
high enough given the available laser energy so that
there will be enough ions in the channel for successful
neutralization of the electron beam, ‘The beam propa-
gates with an equilibrium radius behind the beam head
determined by the balance of the pinching self-magnetic
field and the expansive forces due to fl: te beam emit-
tance and the partially neutralized, Seli radial elec-
tric field. If the equilibrium size attained by the
electron beam is larger than the laser channel, pfiase-
MiX damping of transverse beam motion can occur at the
ex~nse of increased beam emittance. [1] This is not
desirable for radiographic applications where small
spot size and low divergence of the electrons at the
converter target are nece~sary. conversely, d laser
channel larger than the beam equilllwium size has a
harmonic nature; radial oscillations of the bean are
not damped,

The laser-guldlng experiments at PJ4ERXEXindicated
that greater than 95% of the beam current and charge
can be transported over distances greater than 10 m by
careful metchlng of the injected ●lectron beam into a
lar~er laser-ionized channel. Failure to match the
●lectron beam to the channel at injec:lon causes the
electron beam to lose current until a lnew, ●ffectlvo
neutralization and beam ●quilibrium are ●stablished.
Propagation then occurs with little additional loss of
current or charge. At neutralizations greater than
unity (more initial plasma ●lectrons in the channel
than beam electrons), two-stream instability and loss
of channel tracking were ●violent, The ●quilibrium
radius attained by the beam wau ● s predicted, and
transverse motion of the beam centroid was ●bout 20% of
the beam diameter dnrirtg the pulse, After all parart*-
ters were Optlmizod, beam propagation wms relatively
insensitive to accelerator tuning, laser channel con-
ditions, ●nd several degrees of m:salignrnent between
the injected beam and ch~nnol axes,

Reference [6] shows the derivation 01 a number of
useful ●quations describing the tranaport of ●lectron
beams in ionized benzene channels for Varlcus combina-
tions of flat and gausslan profiles. The !Iimplest case
relevant to the present ●pplication is the solution for
the ●quilibrium radius of an ●lectron beatil propa#atint
wlthln a larger radius laser channel under the condl-
tiona that the respective charge dlatrlbutions .sre
flat, colllslonal lonlzatlon of the benz~ne by the
●lectron beam 1s necllgibl?, and ?~)i. CluAtiOn (36)
QfRefs [91 is

u~mvu.L 1/2
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(1)

whore R ●nd R are the MS radii of the ●le:tron beam

and LaSir chan~els, E la the MS normalized ●m:ttanc~,

[h is the beam current. 1A ● 17,000 ~~ is the Alfven

current, ●nd f = N /N irn the neutrallsatlcn fraction

lb●xpressed ● a the rat o of channel ion line density L?
●lectron beam line de~}clty. The beam m,~y nued to
propagato several betatron wavelengths t() become
stabilized ●t thla ●quilibrium radius: tht! betatron
wavelen~th ~ from Cq. (25) of Ref. [8; is 8iven by

o

(2)

Woing Eqi (i) and the conservatiofl of normallzod
●pittance, the angular RMS dlverwncel 9, At the
converter target ●xprested as ● radlarl antle 1s

(3)

A figure of merit for radiographic machines is the
dose divided by the source area under the assumption
that the beam energy has been selected, Using the ex-
pressions for R , 6, and dose aCailng, lt can be Shown

that Ln injectorbor pulsed diode having a large rati~
of beam current to WIittaIICe is desired. 9ecause the
on-axis dose is decreased by increasing angular diver-
gence of the electrons at the converter, Eq. (3) indl-

caces f should be 10W: however, f near unity 1S ~iso

necessary for channel tracking and Small spot size.

A baseline example illustrating the numerical
feasibility of combining laser guiding with an electron
beam source at an energy of 8 HeV is now presented,
The electron beam 1s created bi a large area diode
(> 10-cm diam) similar to the “.’elvet injector used on
Lewrence Livermore National Laboratory’s Advanced Test
Accelerator (ATA), which can deliver 8 k.A with an emit-
tance EN of 0,25 rad-cm at a voltage of 2.5 XV.[9] The

laser la directed from behind and through a hole in the
cathode down the drift tube t~tiard the converter tar-
get. Th* electron beam j+ focused onto the laser chan-
nel via a transport magnet ●xternal to the diode
region. Benzene gas injected at the converter region
fil:s the drift tube to an aperture downstream of the
transport magnet, creat~ng a differential benzene
pressure prOfile betWeen the aperture and the diode
region. Careful matching of the beam from the magnkt
focus region onto thti laser channeJ must be accom-
plished to limit ●mittance growth ef the baam from the
diode, a feature that has been demonstrated on ATA.[2]
The laser channel has been selected to be larger than
the ●lectron beam to facilitate beam matching and cap-
ture at injection as well as to reduce the required
benzene pressure and laaer ●nergy as discussed below,
‘rho nominal parameters for the present ●xample are:

7=16, (V= 81?oV), e- 5°, f -0.5,

~b ■ (~-MM diam)/2, Rc/Rb n 1,75, EN . 0,25 rad-cm

Equation (1) ytclds a minimum beam current of
I _ 6500 A to aohi~ve the doaired s~t size with an

a~gular divergence of o - 4“, from Eq, (3), for ●lee-
trons inciden+ on tho convert~r. A higher Mam @nergy
(ava!labl,e from induction linacs) would ●now for some
●mittanre growth ●nd achieve the same or snaller spot

S’Ze Ulth iow~r beam currents,

The laser requ~tements
ncl can be ●btim&ted by the
with the restrl tlon that

5
less than 5 KU/en, to avoid
of benzene. [11] Cquat ion
fractional ionization, f ,

intensity, I, for ● nomln!l,

for the above lnnizmd chan-
photoionizatl in modeL[lOl,
the laser intensity muut be

significant iragmhntarlon
(10) Of Ref. [7] giVeS th~

of benZen6 Versun laser
29-ns laser pulse au

f -4 2

1
= 6.6 x 10 I , N ● f n PA,

lg
Nb w Ib/#cc, knd

f= !!A
.10012/,

N
b b

(6)

.
wh9r@ A 1s the laser cross-gection~l ● rea in Cfn(,
benzene pr~~sur~ in ura, n

P th,
the benzene #au ion-density

(~,22 JI 10 / m -UM at 30(7’K), and I the
5

laser inten

sity in NW/cm .

Cquatl n (4),
1

with f ● (JIq, r * 6*5 kA,

I = 3 ltW/cm , and A=l,2cm2 (Rc ● 0,44-cm ~K$), glve~

the required benzono press:ro of .).1 @ with a lager
●nergy of 130 mJ. This ●nergy 1s well within the
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750-MJ capability of a Lambda
exc!iner Laser. From Eqs. (Fi)
estimate of the ratio of tt,e
ally induced ion density
obtained. This ratio is the
end of the beam pulse in the
zation and is given by

f = (TP)/(7.52 TN) ,

Physik EMG-150ES KrF

and (9) of Ref. [8], an
electron beam colllsion-
to the beam density can be
neutralization, f, at C;?@
absence of any laser ioni-

(5)

where T is the beam pulse length and T’ 1s about 30 ns

for beams of ener~ 5-15 HeV. This eq!!ation is consis-

tent with tne results of Ref. [6] wher? self-induced
beam ionization was observed with 10 MM of benzene
pressure and an effective pulse width of 10 ns. For a

bOaM pUISO length of 75 ns and the determined benzene
pressure of 1.1 MM, Eq. (5) gives a value of f = 0.36.
Because the initial laser ionization is set at f - J.5
and the beam experiences only an additional average
f = 0.36/2, the tiffect of this collisional beam ioniza-
tion should not be detrimental to transport and, in
fact, will reduce the beam spot size toward the end of
the beam pulse.

The drift tuba nust be at le&st Several betatr{n
wavelengths long to allow the beam to attain a steble
●quilibrium radius before impinging on the c~nverter.
Equation (2) gives a A -25 cm that is easily sttisfied

by tne desire to use a*5- to iO-m drift tube. A1’.hough
a simplified ●xample has been presented, Ref. [8] Pro-
vides the necessary ●xpressions to more accurately
model the parameters affecting the laser ionized bt>n-
zene transport process.

An experimental effcrt is underway to construct J
prototype of a pulsed, foilless-diode machine ●mploying
laser guiding for transport and focusing. The design
utilizes a velvet cloth cathode similar ts the low
●mittance injector at ATA ●xcept that a higher voltago
(5 NV) 1s applied across the anode-cathode gap. The
voltage is derived from a pulsed transmission line
eource utilizing a novel radial insulator. Computer
simulations using a 2-D ●lectrodynamics, 4elf-
consistent, particle-in-cell, field code are shodn in
Figo 2. The diode voltage 1s S IfV, and a beam current
cf S,4 kA is generated with a normalized Rf4S ●mittance
of 0.15 rad-cm from an 11-cm-diam ●mission surface,
The re-*ntrant ●node will contain ● masnet for focueing
and transporting the beam onto the laser channel.

The ●xperimental Program 1S intended to demon-
strate the successful generation of low ●mittance 5- to
10-kA beams with beam transport ●nd focusing uti~izing
an ion channel. A theoretical ●ffort will provide the
direction for the otgoing ●xperiments ●nd the scaling
laws fOr mschines of greater enersy. The scalability
of the prototype PulSOd vOlta8e source will be ad-
dressed ● b It relates to 4 simple radiographic machine
or to ●n in.fector for ● series of lnductien linac
modules.
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diode simulations: R, n. Miller and J, W. Poukey of
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tions; and B. B. Oodfray of ItiRsion Research Corpora-
ticm/Albuquerqu@ for hit continued technical support.
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